for their participation in some of the experiments described here and for informative discussions. The authors have no conflicts of interest to declare.
Introduction
The ability of bacterial cell wall components, including lipopolysaccharide (LPS) and fixed Staphylococcus aureus, to serve as very potent stimuli for in vitro B cell activation and differentiation was appreciated long before the discovery of the Toll-like receptor (TLR) family (1) . Early study also established that haptenated derivatives of LPS were potent antigens that can give rise to a substantial immunoglobulin M (IgM) and IgG3 response in vivo in the absence of T cells. After the discovery that TLRs recognize LPS and other bacterial cell wall components and also recognize pathogen-derived nucleic acids, it was found that TLR stimulation enhances T-cell-dependent as well as T-cell-independent antibody responses (2, 3) . In this review, we discuss the ways in which TLRs can contribute to specific antibody responses with an emphasis on T-cell-dependent and germinal center (GC) antibody responses.
Antibody responses in secondary lymphoid organs generally exhibit one of two anatomical signatures, which are referred to as extrafollicular and GC responses (4) . Extrafollicular antibody responses occur during bacterial infections and after injection of polysaccharide immunogens, but also typically are a component of the response to injected T-cell-dependent protein antigens (5) . Extrafollicular antibody responses are also prominent in some autoimmune models, such as the MRL ⁄ lpr mouse (6) . This form of antibody response generally occurs rapidly, starting at around 4 days after immunization, and has a moderate degree of class switch to IgG and somatic hypermutation, but less than what occurs in the slower GC response. Thus, the extrafollicular response is viewed as a mechanism that provides rapid production of moderate affinity antibodies over a limited time period (4) . The plasma cells generated in this way clonally expand for a short time and are therefore referred to as plasmablasts. Recent evidence indicates that avidity of the plasmablasts strongly affects their degree of clonal expansion and ability to survive (7) , hence there is a selection for higher affinity antibody clones during an extrafollicular response. The plasmablasts and plasma cells generated in this way remain in the extrafollicular location and mostly have a short half-life, although some of the plasma cells generated in this way can compete for survival niches in the spleen and become long-lived (5) .
The GC response is slower than the extrafollicular response and involves extensive clonal expansion, somatic hypermutation, and selection for higher affinity clones (4, 8, 9) . The more slowly generated, but higher quality antibodies produced in this way are mostly class-switched isotypes rather than IgM. The antigen-specific B cells selected from a GC response can differentiate into plasma cells that traffic to survival niches in the bone marrow, where they have a very long half-life, probably exceeding 1 year (10) . GC B cells may alternatively become memory B cells that revert to a resting lymphocyte phenotype, but can rapidly become activated upon secondary exposure to the antigen (9) . However, a significant fraction of memory B cells are generated early in an antibody response, before the initiation of histologically evident GCs and typically before class switch (4, 9, 11, 12) . These IgM + memory B cells can participate in GC responses upon secondary exposure to antigen.
Role of TLRs in antibody responses
Pure TLR ligands serve as excellent adjuvants for antibody responses, as discussed in more detail elsewhere, and in such circumstances, the adjuvant activity is dependent on the adapter molecules that mediate TLR signaling, myeloid differentiation factor 88 (MyD88) and ⁄ or TIR-domain containing adapter-inducing interferon-b (Trif) (3 A related approach is the use of mixed bone marrow chimeric mice in which one source of bone marrow is a B cell-deficient genotype and the other source of bone marrow, which is the origin of all of the B cells, is wildtype or mutant for Myd88 or a particular TLR. In these chimeric mice, the majority of other cell types are normal, but the B cells are all derived from a particular mutant genotype, hence a defect in the response is presumably due to the genetic alteration in the B-cell compartment. Experiments using this approach in the context of bacterial infection with Salmonella enterica serovar Typhimurium have demonstrated that a protective T-helper 1 (Th1) response requires MyD88 signaling in B cells (19) , as does proper regulation of the innate response to the bacterial infection (20) . In both cases, these alterations were ascribed to a role of B cells in producing cytokines, rather than an effect on antibody production.
Studies in human have largely focused on using TLR agonists as adjuvant in vaccine studies (3) . In addition, there have been in vitro studies examining the role of human B-cell maturation state in responsiveness to TLR stimulation (2, 21 allele with a mb1-Cre knockin allele (24), mice are generated that are deficient for MyD88 in at least 98% of B cells. When these mice were immunized intraperitoneally (i.p.) with the protein antigen ovalbumin, either mixed with CpG-containing ODNs (CpG ODNs) or chemically coupled to them, then it was found that the major adjuvant effect of the CpG ODNs was due to TLR signaling in dendritic cells and not in B cells (25) . This observation was surprising in the case of the ovalbumin-CpG ODN conjugate, as it would be expected that the B cell TLR9 would be exposed to its ligand in this case. Nonetheless, a similar result was obtained with a second soluble protein-CpG ODN conjugate, containing the well-characterized ragweed pollen allergen Amb a1. A similar result was also obtained after immunization with purified FliC flagellin from Salmonella enterica serovar Typhimurium, which is a ligand for TLR5, and measuring anti-flagellin IgG. In contrast, when MyD88-deficient B cells were adoptively transferred into lMT mice followed by immunization with flagellin, a defect in the anti-flagellin antibody response was seen (15) . The reason for the different results in these two systems remains unknown, but may relate to an effect of the altered lymphoid architecture in the latter experimental system. In any case, the results in the cell type-specific MyD88 knockout mice argue that the adjuvant effect of CpG ODNs on the IgG response to a soluble protein antigen is primarily due to enhanced maturation and ⁄ or cytokine production by antigen-presenting dendritic cells. We hypothesize that TLR-stimulated dendritic cells induce robust activation of antigen-specific T-helper cells, which then promote extrafollicular and GC antibody responses. These experiments did not distinguish between extrafollicular and GC antibody responses, although similar results were seen at day 7 and 14 of the response and also in secondary responses (25) , which is consistent with an effect on the GC response, but does not rule out an effect on the extrafollicular response.
In contrast to what was seen with soluble protein-CpG ODN conjugates, multivalent virus-like particles (VLPs) incorporating TLR ligands induced a robust antibody response that was enhanced substantially by MyD88 function in B cells (25) . Typically, virus particles contain the viral genome inside them, and this nucleic acid can stimulate TLR7 or TLR9, depending on the type of virus. In addition, many virus particles have a highly repetitious structure in which a small number of epitopes are present in a polymeric array on the particle surface and hence have the ability to crosslink many BCRs and induce robust BCR signaling. Virus particles of this type are known to induce a rapid and robust T-cell-independent IgM response together with a T-cell-dependent IgG response (26) . Interestingly, the IgG response to the Qb bacteriophage VLP was increased about 30-fold by inclusion of CpG ODNs inside it compared with an empty VLP mixed with CpG ODNs and coinjected i.p. (25) . The IgG response to VLPs containing nucleic acid was decreased by 1000 fold or more in Myd88
mice compared with wildtype mice. Interestingly, deletion of MyD88 selectively in B cells decreased the IgG anti-VLP response by 30-fold, whereas deletion of Myd88 selectively in dendritic cells had no significant effect (25) . The anti-VLP IgG response was nevertheless highly dependent on the presence of T cells and of dendritic cells, as the response was approximately 1000-fold lower in mice lacking TCRa chain or mice in which dendritic cells were transiently depleted by use of a CD11c-driven diphtheria toxin receptor and injection of diphtheria toxin (25) . Presumably, the dendritic cells were needed to prime antigen-specific T cells, but they did not need to recognize the nucleic acid with their own TLRs to do so. We hypothesize that in this immunization, the dendritic cells received enough cytokines from other cells to promote their maturation. In support of this possible explanation, genetic deletion of the type 1 interferon receptor in this context partially attenuated the IgG anti-VLP response, indicating that type 1 interferon, possibly produced by plasmacytoid dendritic cells, was responsible in part for inducing maturation of conventional dendritic cells (25) .
The ability of MyD88 in B cells to enhance the IgG anti-VLP response was accompanied by a 10-fold increase in the number of GC B cells that were specific for the VLPs (25), indicating that MyD88 signaling in antigen-specific B cells enhanced their ability to participate in a GC response. These observations appear to be relevant to antibody responses to enveloped viruses as well: wildtype mice or dendritic cell-specific Myd88 ) ⁄ ) mice immunized with chemically inactivated influenza virus had equivalent IgG anti-HA responses, whereas the response was decreased fivefold in mice lacking MyD88 selectively in B cells (25) . One possible explanation for the different genetic requirements for the IgG responses to ovalbumin and Qb VLPs is the different physical nature of these antigens, but there could also be something atypical about the Qb epitopes. To examine these possibilities, we tried to dissociate the Qb capsid into soluble monomers, but were unable to do so. As an alternative approach, we immunized the various mouse strains lacking MyD88 in particular cell types with a soluble form of the cat dander allergen Fel d1 protein mixed with CpG ODNs or with chemical conjugates of VLPs and Fel d1 (26) (25) . Thus, it is the VLP physical structure that enables TLR7 or TLR9 in the B cell to greatly enhance the magnitude of the GC response, resulting in much higher titers of IgG.
The results obtained with the Fel d1-Qb VLP conjugates also provided additional insights into the role of polyvalency of these VLPs for enhancement of the IgG response. Two preparations of Fel d1-VLP conjugates with different amounts of Fel d1 attached to the VLPs were compared, and there was a clear correlation between epitope density and the degree of enhancement of the IgG anti-Fel d1 response by B cell MyD88. The particles with a higher Fel d1 epitope density showed a greater fold enhancement of IgG anti-Fel d1 in the presence of B cell MyD88. The VLPs with a lower density of Fel d1 still showed an enhancement, but to a lesser extent. The reciprocal effect was seen with the anti-Qb VLP IgG antibodies, presumably because Fel d1 protein coupled to the VLPs masked the Qb epitopes, effectively decreasing the valency of the Qb epitopes accessible to the BCRs on the antigenspecific B cells.
The results summarized elsewhere lead to a model whereby CpG ODNs can act as adjuvants for a T-cell-dependent antibody response in either of two ways ( Fig. 1) : (i) dendritic cells can respond to CpG via their TLR9, enhancing their maturation and ability to activate T-helper cells, which then provide help for B cells to make antibody responses; or (ii) antigen-specific B cells take up antigen and internalize the attached CpG to late endosomes, where it comes in contact with B cell TLR9 and induces TLR9 signaling (27) (28) (29) , which then stimulates the ability of these B cells to participate in a GC response. In the case of a polyvalent virus particle, the ability to crosslink many BCRs and also induce TLR7 or TLR9 signaling evidently promotes a strong GC response of at least some of the antigen-specific B cells.
Many questions remain; however, it remains unclear whether this synergy between the BCR and intracellular TLRs of the B cell leading to an enhanced GC response occurs early, when B cells are choosing between extrafollicular and GC fates, or whether it promotes the response of the B cell after it has entered the GC. As described elsewhere, it remains clear that TLR ligands can also promote extrafollicular antibody responses, hence an important question is whether B cell affinity for antigen influences the choice of fate between extrafollicular response and GC response.
B cell intrinsic TLR signaling also influences isotype switching of the B cells, promoting class switch to IgG2c and IgG2b and away from IgG1 (25, 30, 31) . Although the experiments with Salmonella enterica serovar Typhimurium infection suggest that this could be an effect of B cells on T cell polarization (19) , there is also evidence to indicate that TLR9 directly induces expression in the responding B cell of the transcriptional activator T-bet, which in turn may promote class switch to IgG2c (32) . At this point, it remains unclear which of these mechanisms is more important in vivo and in situations where T cell help is available.
Qualitative effects of a CpG-antigen conjugate on the GC reaction
We have also examined how TLR9 signaling in dendritic cells and B cells affects a GC response that does not require MyD88 signaling. For this purpose, we used biotin and avidin to complex the model antigen (4-hydroxy-3-nitrophenyl) acetyl-conjugated chicken gammaglobulin (NP-CGG) with CpG ODNs or with non-CpG ODNs and immunized mice subcutaneously with the conjugates in PBS. Both conjugates induced strong GC reactions and IgG anti-NP production, although the magnitude of the IgG response was increased several fold by inclusion of a TLR9 ligand ODN (Derek C. Rookhuizen and Anthony L. DeFranco, manuscript in preparation). We hypothesize that the tissue injury caused by tissue injection provides sufficient innate stimulation to serve an adjuvant role in this route of immunization. The increase in IgG anti-NP antibodies resulting from TLR9 stimulation was accompanied by a similar magnitude increase in the number of NP-specific GC-phenotype B cells in the draining lymph node. This increase in IgG titer required the expression of Myd88 in dendritic cells, but not in B cells (Derek C. Rookhuizen and Anthony L. DeFranco, manuscript in preparation). Interestingly, the fraction of total anti-NP antibody that was high affinity, as assessed by enzyme-linked immunosorbent assay (ELISA), was approximately 10-fold higher at day 14 or later times in the mice that received CpG conjugates, indicating more efficient selection for high affinity clones. The enhanced affinity of anti-NP IgG required MyD88 function in B cells and to a lesser extent in dendritic cells as well. Thus, TLR9 ⁄ MyD88 signaling in dendritic cells enhanced the magnitude and influenced the quality of the response to the CpG conjugate, although TLR9 ⁄ MyD88 signaling in B cells enabled stronger selection for high affinity antibody. Further studies will be needed to define the mechanisms by which TLR signaling in these cell types contributes to the GC response, but enhanced selection in the GCs may relate to improved priming and ⁄ or maintenance of follicular T-helper cells (Tfh), as immunization with the CpG conjugate expanded the Tfh population in the draining lymph node by several fold compared with immunization with the non-CpG conjugate (Derek C. Rookhuizen and Anthony L. DeFranco, manuscript in preparation). In any case, it remains clear that TLR ⁄ MyD88 signaling in both dendritic and B cells can enhance selection for higher affinity IgG antibody, even in a situation where a strong GC response is generated in the absence of TLR ⁄ MyD88 signaling.
GC and extrafollicular IgG responses induced by nanoparticles with TLR ligands
Vigorous GC responses were also observed recently by Pulendran and colleagues (16) , who used biodegradable virus-size polylactic-co-glycolic acid (PLGA) nanoparticles encapsulating TLR ligands as adjuvant combined with PLGA nanoparticles encapsulating one or another protein antigen. In these experiments, the adjuvant and the antigen were not physically linked, but rather were present attached to separate beads that were injected together. For the adjuvant component, they compared monophosphoryl lipid A (MPL), a TLR4 ligand that has been reported to stimulate the Trif pathway well, but the MyD88 pathway poorly (33), either alone or together with a synthetic TLR7 ligand (R837). They obtained a considerably more robust response (approximately fivefold) if the adjuvant nanoparticles contained both MPL and R837, compared with nanoparticles containing only one TLR ligand. This immunization induced a strong GC response that generated high affinity antibodies, excellent B cell and T cell memory, and strong protection against subsequent infectious challenge in mice and primates (16) . The authors found that a good response was not obtained if
were adoptively transferred into lMT recipients, indicating a B cell-intrinsic role for TLR signaling in this response. This is a surprising result, because the antigen and the TLR ligands were present on separate nanoparticles, hence the adjuvant beads could not interact with antigenspecific B cells via their BCR. Although the B cells would not take up the nanoparticles by BCR-mediated endocytosis, it is possible that they can take up the beads via another mechanism involving recognition of the nanoparticle material. Given this uncertainty about how the adjuvant would gain access to B cell TLRs (including intracellular TLR7), it remains unclear whether TLRs within antigen-specific B cells participate in the response or whether TLRs on bystander B cells may contribute to the response in some way. For example, antigen nonspecific B cells might secrete cytokines that promote the response of neighboring antigen-specific B cells. Given the robustness of the antibody response induced by this novel vaccination approach, it will be important to define in better detail how TLRs on B cells contribute to the response. In a separate study, antigen and a TLR9 agonist were both put onto the same polystyrene nanoparticles, which strongly induced an in vivo extrafollicular antibody response of adoptively transferred MD4 anti-HEL Ig transgenic B cells (34) . This extrafollicular antibody required an antigen on the particle with an affinity for the anti-HEL BCR of approximately 1 · 10
M (K D ) or better. With this type of nanoparticle, uptake by the B cells required an antigen-specific BCR, hence the TLR9 agonist was specifically delivered to the antigenspecific B cells. Interestingly, when these antigen-and TLR ligand-containing nanoparticles were used to immunize mice with a diverse repertoire of B cells, a strong secondary response was evident (34) . This observation suggests that a GC response may have been induced by the antigen-and CpG-containing nanoparticles, but this point was not directly assessed. One interesting possibility is that B cells with an affinity for the epitopes on the bead poorer than 1 · 10
can access the GC response in response to these nanoparticles. If so, the IgG response of such B cells may be analogous to the anti-VLP IgG response described elsewhere. Future studies comparing the properties of various nanoparticles to VLPs will likely be informative about how synthetic nanoparticles can be formulated to give robust and high-quality GC responses.
Role of TLR signaling in B cells for production of autoantibodies in mice that spontaneously develop lupus-like autoimmune disease
Autoantibodies to nuclear antigens, deposition in tissues of their immune complexes with debris from dying cells, and the resulting tissue pathology are hallmarks of the human autoimmune disease systemic lupus erythematosus (SLE). IgG anti-nuclear antibodies, anti-DNA antibodies, and antiribonucleoprotein antibodies are spontaneously produced in various mouse strains with genetic susceptibility loci or genetically engineered mutations, including those which alter the regulation of BCR signaling (35, 36) . The pioneering in vitro study of Marshak-Rothstein and colleagues (37) first implicated TLR9 signaling in B cells as a likely participant in the production of the anti-nuclear antibodies characteristic of SLE. TLR9 and ⁄ or TLR7 have been shown to be critical for the spontaneous production of these autoantibodies in a number of mouse models, presumably reflecting the ability of mammalian DNA to serve as a TLR9 ligand to some extent, and the ability of mammalian RNA in ribonucleoproteins to serve as TLR7 ligands. These studies have been well-reviewed recently, and the interested reader is referred to that source (29) . In brief, numerous studies of mice with spontaneous or induced lupus-like autoantibody production have examined the effect of genetic deficiency in Tlr7, Tlr9, or Myd88 on autoantibody production and have generally seen a strong diminution of autoantibody production (29) . Conversely, increased expression of TLR7 resulting from the duplication of a region of the X chromosome containing TLR7 onto the Y chromosome is seen in a Y-linked autoimmune susceptibility locus called Yaa (Y-linked autoimmune accelerator) (38, 39) . Thus, there is strong genetic evidence for the ability of TLR7 and TLR9 to contribute importantly to the production of anti-nuclear antibodies in lupus-like autoimmune mice. Although TLR signaling in B cells has been generally assumed to be largely responsible for the role of TLR7 and TLR9 in the production of SLE-like autoantibodies in these murine studies, it remains possible that TLR signaling in other cell types, such as plasmacytoid dendritic cells, is also important. In one study, TLR9 deficiency decreased anti-chromatin antibodies more than anti-ribonucleoprotein antibodies, and the opposite was seen with TLR7 deficiency (40) . This result is most easily explained if TLR signaling in the antigen-specific B cell is important, as predicted by the in vitro data, but the in vivo effects seen were not absolute. This is perhaps not surprising if fragments of apoptotic cells (apoptotic blebs) represent the immunogenic form of nuclear antigens in vivo (41), as apoptotic blebs likely contain both RNA and DNA, but it is also possible that the results reflect a role for TLRs in other cell types in promoting the autoantibody response. For example, plasmacytoid dendritic cells express TLR7 and TLR9 and may respond to immune complexes formed by autoantibodies and the corresponding nuclear antigens by secreting type 1 interferon (29) , which in turn may promote autoantibody production by a variety of means, including enhancing antigen presentation by conventional dendritic cells and upregulating TLR7 expression in B cells (29) .
An additional question is whether anti-nuclear antibodies are generated primarily from GC responses or from extrafollicular responses. Early study establishing that anti-DNA antibodies contain somatic mutations that enhance their affinity for DNA led to the belief that GC responses were involved. Recent study, however, has shown that the anti-nuclear antibodies produced in MRL ⁄ lpr mice are primarily produced by the extrafollicular response rather than the GC response (6, 42) . It remains unclear whether this is a conserved feature of the different mouse models of SLE or whether they may differ in this regard.
Recently, we have addressed the issue of whether MyD88 signaling in B cells or dendritic cells is important for spontaneous autoantibody production in the Lyn ) ⁄ ) model of SLE.
Lyn is a Src-family protein tyrosine kinase that participates both positively and negatively in BCR signaling (35 
Concluding remarks
Engagement of TLRs in B cells by antigens that are physically associated with a TLR ligand, as is often the case for antigens generated during infections, can promote antibody responses by both a T-cell-independent route and T-cell-dependent responses of both the extrafollicular and GC types. TLR ligands can also promote T-cell-dependent antibody responses in vivo by indirect routes such as stimulation of dendritic cells, probably by promoting stronger activation of T-helper cells, including Tfh cells.
Studies of B-cell activation in vitro have generally suggested that TLR stimulation can relieve a requirement for signals coming from Th cells, and this may be valid for the T-cellindependent component of the response. Recent studies indicate a more complex relationship in vivo in which B cell TLRs may also alter the magnitude and ⁄ or quality of a T-celldependent antibody response, for example by increasing the GC component of the response or by enhancing the selection for higher affinity antibody production in the context of an ongoing GC response. Although much remains to be learned, it is tempting to speculate that the ability of TLRs of B cells to promote a GC response as well as an extrafollicular response may represent an evolutionary adaptation to diversify the nature of the antibody response to virus particles and ensure that there is production of high affinity, long-lasting IgG from GC responses as well as the rapidly produced, but less protective antibody resulting from extrafollicular responses. Although protective in the case of virus infection, when combined with genetic susceptibility alleles and an environmental trigger, these mechanisms may lead to the production of pathogenic antinuclear autoantibodies in the human autoimmune disease SLE.
Future studies will help define the rules and mechanisms by which B cell TLRs can affect T-cell-dependent antibody responses, and this information will likely be useful for development of new strategies for therapeutic intervention in SLE and for design of more efficacious vaccines using TLR ligands as adjuvants.
